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ABSTRACT 
During the last decades, concerns regarding the ecological impact of standard culverts have led to 
some evolution in design.  The installation of baffles along the culvert barrel invert and walls may 
be a fish friendly technique to decrease velocities in the barrel and increase flow depths. The 
resulting flow conditions may be potentially more suitable for upstream fish passage. Small 
triangular corner baffles were proposed to facilitate the upstream passage of small-body-mass fish, 
without compromising the discharge capacity of the culvert at design flow conditions. Although 
fish benefited from low velocity regions for resting and sheltering, small-body-mass fish were 
observed to turn around and could become disoriented by the adverse effect of flow reversal regions 
in the wake of plain baffles (CABONCE et al. 2017,2018,2019). This study presents the design and 
hydrodynamic testing of ventilated triangular corner baffles for standard box culverts. The 
ventilated baffles were developed to address the issue of negative wake behind the baffles, 
previously observed to affect adversely small-bodied fish. Two designs were tested: a baffle with 
three holes and a brush baffle. Detailed physical modelling in a near-full-scale culvert barrel 
showed that the ventilated corner baffles created a smaller negative wake region. A lesser negative 
velocity magnitude was observed behind the ventilated baffles, in comparison to plain baffles, for 
the same flow rate, baffle height and spacing. With ventilated corner baffles, the longitudinal 
distribution of low-velocity zone (LVZ) was more uniform, yielding a better longitudinal 
connectivity for upstream passage, compared to plain baffles. A comparison between detailed 
hydrodynamic measurements suggested however that the requirements for continuous, sizeable low 
positive velocity zone (LPVZ) suitable to small-bodied fish might be better fulfilled with an 
asymmetrically roughened culvert barrel than with triangular baffles, even with ventilation. 
 
Keywords: Culvert barrel hydrodynamics, Corner baffles, Negative wake, Baffle ventilation, 
Upstream fish passage, Low velocity zone LVZ, Low positive velocity zone LPVZ, Negative 
velocity zone (NVZ). 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A channel cross-section area (m2); 
B channel width (m); 
DH hydraulic diameter (m): DH = 4A/Pw; 
d water depth (m); 
f Darcy-Weisbach friction factor; 
fskin skin friction factor measured with a Prandtl-Pitot tube lying on the bed; 
fs smooth turbulent flow friction factor; 
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
hb triangular baffle height (m); 
Lb longitudinal spacing (m) between baffles; 
N velocity power law exponent; 
Pw wetted perimeter (m); 
Q water discharge (m3/s); 
Re Reynolds number defined in terms of the hydraulic diameter: Re = VmeanDH/; 
Sf friction slope; 
So bed slope: So = sin; 
Ufish characteristic fish speed (m/s); 
V velocity (m/s) positive downstream; 
Vb velocity (m/s) measured by a Pitot-Prandtl-Preston tube lying on the bed; 
Vmax maximum velocity (m/s); 
(Vmax)M cross-sectional maximum velocity (m/s); 
Vmean cross-sectional mean velocity (m/s): Vmean = Q/A; 
Vx longitudinal velocity component (m/s); 
v' velocity fluctuation (m/s); 
X relative distance between baffles: X = (x-xb)/Lb; 
x longitudinal distance (m) positive downstream; 
xb longitudinal baffle position (m); 
YVmax transverse distance (m) where Vx = (Vmax)M; 
y transverse distance (m) measured from the right sidewall positive towards the left 
sidewall; 
ZVmax vertical elevation (m) where Vx = Vmax; 
z vertical distance (m) positive upwards with z = 0 at the invert; 
 
H total head loss (m) 
 angle between bed slope and horizontal; 
 von Karman constant:  = 0.4; 
 dynamic viscosity (Pa.s) of water; 
 vi 
 angle between bed slope and horizontal; 
 water density (kg/m3); 
o boundary shear stress (Pa); for a baffle channel configuration, o is a spatial-averaged 
boundary shear stress; 
o' skin friction boundary shear stress component (Pa); 
o)skin local skin friction boundary shear stress (Pa) measured with a Prandtl-Pitot-Preston tube 
lying on the bed; 
o skin( )  spatial-averaged skin friction boundary shear stress (Pa) over a baffle longitudinal 
spacing Lb: 
 
b w
o skin o skin
b w L P
1( ) ( ) dy" dxL P         
Ø diameter (m); 
 
Subscript 
b baffle characteristics; 
M cross-sectional maximum value; 
max maximum value in a vertical profile; 
s smooth turbulent flow; 
skin skin friction; 
x longitudinal direction positive downstream; 
y transverse direction positive towards the left wall; 
z vertical direction positive upwards; 
 
Abbreviations 
ADV acoustic Doppler velocimeter; 
AEB advanced engineering building; 
AMCA Air Movement and Control Association; 
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers; 
LPVZ low positive velocity zone; 
LVZ low velocity zone; 
Mpx megapixel; 
NVZ negative velocity zone; 
PVC polyvinyl chloride; 
px pixel; 
SNR signal to noise ratio; 
UQ the University of Queensland; 
WWII World War Two. 
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1. INTRODUCTION 
Longitudinal connectivity of rivers and streams constitute a basic requirement for a healthy 
waterway with fauna and flora diversity. During the last decades, concerns regarding the ecological 
impact of road crossings and culverts have led to some evolution in design (CHORDA et al. 1995, 
WARREN and PARDEW 1998, HOTCHKISS and FREI 2007). Figure 1-1 presents a range of 
standard culverts, illustrating the diversity in shapes and designs, with Figure 1-1C showing a 
culvert retrofitted for fish passage. The impact in terms of fish passage may adversely affect the 
upstream and downstream catchment eco-systems (BRIGGS and GALAROWICZ 2013). Common 
culvert fish passage barriers encompass perched outlet with excessive vertical drop at the culvert 
outlet, high velocities and turbulence in the barrel, debris accumulation at the culvert inlet, and 
standing waves in inlet and outlet (BEHLKE et al. 1991, OLSEN and TULLIS 2013, WANG et al. 
2018). Insufficient water depths in the inlet, barrel and outlet may also be detrimental to fish 
passage. 
Changes in culvert design guidelines have occurred for the past decades, in response to ecological 
concerns (BEHLKE et al. 1991, FAIRFULL and WHITERIDGE 2003). The installation of baffles 
along the invert may be considered as some fish-friendly technique to decrease velocities in the 
barrel and increase flow depths, yielding potentially more adequate hydrodynamic conditions for 
fish passage (CHORDA et al. 1995, LARINIER 2002, OLSEN and TULLIS 2013). Solutions have 
been traditionally focused on large fish with strong-swimming capability, such as salmonids. Small 
triangular corner baffles were proposed as an alternative to create favourable conditions for 
upstream passage of small-body-mass fish, without compromising the discharge capacity of the 
culvert at design flow conditions (WANG et al. 2018). Controlled tests with juvenile silver perch 
(Bidyanus bidyanus), which were weak swimmers less than 10 cm long, indicated a preference for 
the fish to swim at the vicinity of baffles (CABONCE et al. 2019). Fish benefited from low velocity 
regions for resting and sheltering, especially upstream of the small corner baffles. However a 
number of small fish were observed to turn around and could get disoriented by the adverse effect 
of flow reversal regions in the wake of plain baffles (CABONCE et al. 2018) (Fig. 1-2). Figure 1-2 
illustrates one such example. Often these small-bodied fish would escape the recirculation region by 
swimming downstream and exit the culvert barrel channel outlet. Further the generation of large 
contiguous traversable low-velocity zones could not be guaranteed for all flow rates (ZHANG and 
CHANSON 2018). A similar kind of observations was also reported behind horizontal square 
baffles (DUGUAY et al. 2018). 
This report presents the design and hydrodynamic testing of ventilated triangular corner baffles for 
standard box culverts, developed to address the issue of negative wake behind the baffles. Two 
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designs were developed: a baffle with three holes and a brush baffle. Their performances were 
tested under controlled flow conditions in a near-full-scale culvert barrel cell, in terms of the 
associated flow resistance, velocity distributions and size of low velocity zones (LVZs). The results 
were systematically compared to smooth channel, asymmetrical roughness and plain triangular 
corner baffle configurations, previously tested with small-body-mass fish (1), in a similar culvert 
barrel flume. The present experiments were performed for a range flow conditions corresponding to 
less-than-design discharges with a breadth of baffle configurations and spacings. 
 
 
(A) Standard culvert inlet in Aachen, Germany on 10 May 2018 - The structure was designed with a 
maximum acceptable afflux of several metres 
 
(B) Box culvert inlet in the Eifel region, Germany on 3 May 2018 - Note the anti-tank 'dragon teeth' 
                                                 
1 That is, juvenile silver perch (Bidyanus bidyanus) in smooth channel, asymmetrical roughness and plain 
triangular corner baffle configurations, and adult Duboulay's rainbowfish (Melanotaenia duboulayi) in 
smooth channel and asymmetrical roughness configurations (WANG et al. 2016b, CABONCE et al. 
2017,2018,2019). 
3 
(Drachenzähne) covering the barrel - This culvert structure was part of the Siegfried line during 
WWII 
  
(C) Fish-friendly culvert structure on the Kall River, Germany (Courtesy of Gereon HERMENS) - 
Left: before retrofitting; Right: after retrofitting to assist fish passage 
Fig. 1-1 - Photographs of standard culverts in Germany 
 
 
Fig. 1-2 - High-speed video movie shots of a juvenile silver perch (Bidyanus bidyanus) trapped in 
the recirculation region downstream of a triangular corner baffle (hb = 0.133 m) (Study: CABONCE 
et al. 2017,2019) - The flow direction of the flow is from left to right (blue arrow) and the red arrow 
points to the baffle - Increasing time from left to right 
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2. EXPERIMENTAL FACILITY, INSTRUMENTATION AND FLOW 
CONDITIONS 
2.1 EXPERIMENTAL FACILITY 
New experiments were conducted in a horizontal 12 m long 0.5 m wide channel flume at the AEB 
Hydraulics Laboratory of the University of Queensland (Fig. 2-1). The channel presented similar 
dimensions to those of a real standard box culvert barrel cell, thus allowing some quasi 1:1 scale 
prototype-model testing. The flume was made of a smooth PVC bed and glass sidewalls. Water was 
supplied by a constant head tank into the flume intake, where baffles, flow straighteners and a three-
dimensional convergent transition section allowed smooth inflow conditions into the 12 m long 
flume. The flume ended with a free overfall at the downstream end (2). 
The water depth was measured using rail-mounted pointer gauges, with an accuracy of 0.5 mm, 
except in the near wake of the corner baffles where the fluctuating water level was recorded through 
the glass sidewall. The water discharge was measured with an orifice meter designed based upon 
British Standards and calibrated on site, with an expected error of less than 2%. 
A Dwyer® 166 Series Prandtl-Pitot tube was used to record velocity and pressure. The tube 
diameter was 3.18 mm with a hemispherical total pressure tapping at the tip ( 1.18 mm) and four 
static pressure holes ( 0.51 mm) equally spaced, located 25 mm behind the tip. The Prandtl-Pitot 
tube presented low sensitivity to misalignment up to 15º. Calibration was not needed because of 
the ASHRAE tip design. Both total pressure and piezometric pressures were measured with an 
inclined manometer opened to the atmosphere. 
The Prandtl-Pitot tube was calibrated as a Preston tube to measure the skin friction shear stress at 
the boundaries (CABONCE et al. 2017,2019). The calibration curve matched closely an analytical 
solution of the Prandtl mixing length model in the wall region: 
 
2
2 b
o 2
V' N     (2-1) 
where o' is the local skin friction boundary shear stress,  is the fluid density,  is the von Karman 
constant ( = 0.4), N is the power law exponent (3), and Vb is the velocity measured by the Prandtl-
Pitot tube positioned against the boundary. The Prandtl-Pitot tube was also tested to record negative 
velocities (CABONCE et al. 2019): 
 0.538xV 17.81 ( H)     (2-2) 
                                                 
2 Note that all experiments were conducted without upstream and downstream screen, in contrast to the 
experiments of WANG et al. (2016a,b,2018) and CABONCE et al. (2017,2019). 
3 N = 7 for smooth turbulent boundary layer flows (CHANSON 2014). 
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where Vx is the velocity in m/s and H is the difference between the total head and piezometric 
head in metres. Equation (2-2) was specifically developed for the Dwyer® 166 Prandtl-Pitot tube, 
although it is acknowledged that the results presented some scatter, because of the very small 
pressure difference between the total and piezometric head tappings. 
 
 
Fig. 2-1 - Experimental facility with plain baffles placed in an alternate arrangement - Flow 
conditions: Q = 0.0261 m3/s, hb = 0.133 m, Lb = 2.0 m, flow direction from left to right (blue 
arrows) 
 
Instantaneous velocity and velocity fluctuations were measured with acoustic Doppler velocimetry 
(ADV). Two systems were used: a NortekTM Vectrino+ equipped with a three-dimensional side-
looking head, and a SontekTM microADV equipped with a two-dimensional side-looking head. The 
ADV signal was recorded for 180 s at each data point, using a sampling frequency of 200 Hz and 50 
Hz for the Vectrino+ and microADV systems respectively. The ADV data were post-processed, by 
removing samples with average correlation below 60% (4), average signal to noise ration (SNR) 
                                                 
4 In highly turbulent zones (e.g. in the near-wake of a baffle), samples with average correlation below 40% 
were removed, since a significant drop in average signal correlations was observed when there were high 
turbulent shear and velocity gradient across the ADV sampling volume (MARTIN et al. 2002, CHANSON et 
al. 2007, CHANSON 2008). 
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below 5 dB and communication errors. Further the phase-space thresholding technique was applied 
to remove spurious points (GORING and NIKORA 2002, WAHL 2003). Finally data samples with 
less than 50% of good samples were discarded. 
The vertical position of the Prandtl-Pitot tube and ADV units was controlled by fine traverse screw-
drive mechanism and measured with a HAFCOTM digital micrometre with an error Δz < ±0.01 mm. 
Photographs and movies were taken using a 24 Mpx dSLR PentaxTM K-3 camera and a 12 Mpx 
AppleTM iPhone 8 video camera. Appendix A presents photographs of the experimental facility and 
configurations. 
 
2.2 BAFFLE CONFIGURATIONS 
Several boundary conditions were tested: (a) smooth channel without baffle; (b) plain baffles (hb = 
0.067 m and 0.133 m); (c) brush baffles (hb = 0.133 m); and (d) baffles with three holes (hb = 0.133 
m), with hb being the baffle height. The smooth channel was used as reference. The plain baffles 
were isosceles triangular corner baffles, identical to the study of CABONCE et al. (2018a,b) (5). 
Figure 2-2 shows a side-by-side comparison of the various types of baffles. 
Two types of ventilated baffles were developed and tested. Figure 2-3 presents dimensioned 
drawings of the new ventilated baffle designs. The brush baffles were isosceles triangles (hb = 0.133 
m) with a triangular permeable inner area which covered about 38% of the total baffle area. The 
permeable area was manufactured out of synthetic hollow BS-1519 Paint brush. The brush 
thickness was within 1.33 mm – 1.60 mm. 
The ventilated baffles with holes were isosceles triangles (hb = 0.133 m) with two semi-circular 
openings ( 40 mm) along the boundaries and one circular opening ( 24 mm). The cumulative 
opening represented 19% of the baffle projected area (6). 
For each type of baffle, several longitudinal arrangements were tested. They were (1) baffles on left 
corner only, (2) baffles on both corners in an alternate arrangement, and (3) baffles in both corners 
placed uniformly at same longitudinal locations. These three arrangements were configured with a 
constant baffle size and spacing for the whole flume. A fourth arrangement consisted of baffles 
placed on the left corner only, with alternating baffle sizes (7). Figure 2-4 shows the four baffle 
arrangements. 
 
                                                 
5 The design was based upon preliminary tests by CHANSON and UYS (2016) (WANG et al. 2018). 
6 For comparison, CABONCE et al. (2018) used a single ventilation hole ( 13 mm) corresponding to 1.5% 
of the baffle cross-section area. 
7 The alternance in baffle sizes was only undertaken for plain baffles. 
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Fig. 2-2 - Photographs of the various baffle types: plain baffle (hb = 0.133 m), plain baffle (hb = 
0.067 m), brush baffle (hb = 0.133 m), baffle with three holes (hb = 0.133 m) from left to right 
 
 
(A) Brush baffle 
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(B) Baffle with three holes 
Fig. 2-3 - Dimensioned drawings of ventilated baffles 
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Fig. 2-4 - Sketches of four baffle arrangements - From top left, clockwise direction: baffles on left corner only, baffles placed on left corner alternating 
two baffle sizes, baffles on both corners in an alternate arrangement, and baffles in both corners placed uniformly at same longitudinal location 
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Table 2-1 - Experimental study of triangular corner baffles in culvert barrel flume 
 
Reference So Q Baffle hb Lb Baffle Longitudinal Comments 
   design   corner pattern  
  m3/s  m m    
Present study 0 0.0261, 0.035, 0.0556 -- -- -- -- -- Smooth channel 
 0 0.0261, 0.035, 0.0556 Plain 0.067 0.33, 0.67, 1.0, 1.33, 1.67, 2.0 Left -- Left corner only 
  0.0261, 0.035, 0.0556  0.133  Left --  
  0.0261, 0.035, 0.0556  0.067 & 
0.133 
0.33, 0.67, 1.0, 1.33, 1.67 Left -- Alternating two baffle sizes 
  0.0261, 0.035, 0.0556  0.067 0.33, 0.67, 1.0, 1.33, 1.67, 2.0 Both Same location Same longitudinal location 
  0.0261, 0.035, 0.0556, 0.097  0.133  Both Same location  
  0.0261, 0.035, 0.0556  0.067 0.67, 1.33, 2.0 Both Alternate Alternate arrangement 
  0.0261, 0.035, 0.0556  0.133  Both Alternate  
  0.0261, 0.035, 0.0556, 0.097 Brush 0.133 0.67 Both Same location Same longitudinal location 
  0.0261, 0.035, 0.0556, 0.097 Holes 0.133 0.67 Both Same location Same longitudinal location 
CABONCE 0 0.0261, 0.035, 0.0556 -- -- -- -- -- Smooth channel (1) 
et al. (2018a)  0.0261, 0.035, 0.0556 Plain 0.033 0.33, 0.67, 1.0, 1.33, 1.67, 2.0 Left -- Left corner only (1) 
(1)    0.067     
    0.133     
CABONCE 0 0.0261, 0.035, 0.0556 -- -- -- -- -- Smooth channel (1) 
et al. (2018b)   Plain 0.133 0.67, 1.33, 1.67, 2.0 Left -- Left corner only (1) 
      Both Same location Same longitudinal location 
   Hole 0.133 0.67, 1.33, 1.67, 2.0 Left -- Left corner only 
   (2)   Both Same location Same longitudinal location 
 
Notes: hb: triangular baffle height; Lb: baffle spacing; So: bed slope; (1) channel equipped with upstream and downstream screens; (2) 13mm hole. 
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2.3 EXPERIMENTAL FLOW CONDITIONS 
A total of 38 boundary configurations were tested. The reference experiments were performed with 
the smooth flume (no baffle). A series of experiments were conducted with plain baffles in the left 
corner only, for direct comparison with the study of CABONCE et al. (2017,2019). Further 
experiments were undertaken with the three types of isosceles triangular corner baffles (plain, 
brush, holes). The baffles were fixed at the bottom corner(s). Several longitudinal baffle spacings 
were tested (0.33 m < Lb < 2.0 m) with two baffle heights (hb = 0.067 m and 0.133 m). Table 2-1 
summarises the experimental flow and boundary conditions. 
Flow patterns and free-surface observations were performed for four discharges: Q = 0.0261 m3/s, 
0.035 m3/s, 0.0556 m3/s and 0.097 m3/s for all 38 boundary configurations (Table 2-1). The 
discharges corresponded to less-than-design flows for which a subcritical free-surface flow motion 
is observed in the culvert barrel for a mild slope. Detailed velocity measurements were conducted 
for one flow rate only with a smaller number of boundary configurations (Table 2-2). Details of the 
velocity measurement experiments are reported in Table 2-2. In Tables 2-1 and 2-2, the present 
experimental conditions are compared with the works of CABONCE et al. (2018,2019). 
 
Table 2-2 - Experimental flow conditions for detailed velocity measurements in culvert barrel flume 
equipped with triangular corner baffles 
 
Reference So Q Baffle hb Lb Baffle Comments 
   design   corner  
  m3/s  m m   
Present study 0 0.0556 Plain 0.133 0.67 Both Same longitudinal 
location 
   Brush 0.133 0.67 Both Same longitudinal 
location 
   Holes 0.133 0.67 Both Same longitudinal 
location 
CABONCE et al. 
(2017,2019) (1) 
0 0.0261, 
0.0556 
-- -- -- -- Smooth channel 
  0.0261, 
0.0556 
Plain 0.067 0.67 Left Left corner only 
  0.0556  0.133 0.67   
  0.0261, 
0.0556 
 0.133 1.33   
CABONCE et al. 
(2018) 
0 0.0556 Hole (2) 0.133 0.67 Left Left corner only 
 
Notes: hb: triangular baffle height; Lb: baffle spacing; So: bed slope; (1) channel equipped with 
upstream and downstream screens; (2) 13mm hole. 
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3. BASIC FLOW PATTERNS 
3.1 PRESENTATION 
For all discharges, the free-surface was relatively smooth and flat, with decreasing water depth with 
downstream distance: d/x < 0, where d is the flow depth and x is the longitudinal coordinate 
positive downstream. The open channel flow was subcritical and gradually-varied throughout the 12 
m long flume for all flow rates within 0.0261 m3/s < Q < 0.097 m3/s. The water depth became 
critical next to the overfall at the flume's downstream end. 
For all baffled configurations, the interaction between baffles and turbulent flow was evidenced 
visually (Fig. 3-1). A localised reduction in water level was observed immediately downstream of 
each baffle for all flow rates. The water level drop occurred next to the sidewall (Fig. 3-1). The 
water surface variations immediately downstream of the baffles suggested localised turbulent 
dissipation linked to separation around the baffle edge and major flow redistribution in the wake of 
the baffles. Based upon ideal fluid theory, the localised dip downstream of a baffle may correspond 
to local pressure reduction and fluid acceleration (CABONCE et al. 2019). For a given flow rate, 
the mean water depth was found to increase with increasing baffle size and decreasing baffle 
spacing, because of a larger effect of baffles on the flow resistance (next section). 
Similar flow patterns were observed for all plain baffles, comparable to the observations of 
CABONCE et al. (2019). Key flow features in terms of fish passage were the stagnation region 
immediately upstream of each baffle, and the negative wake immediately downstream (Fig. 3-1). 
The former was shown to have beneficial impact on upstream passage of small-body-mass fish, 
while the latter had adverse impacts (CABONCE et al. 2018,2019). With the particular arrangement 
of baffles in both corners of alternate locations, the flow visualisation showed a meandering pattern 
around the baffles. The resulting flow field yielded non-continuous low velocity zones (LVZs) in 
the flume corners, which would not be conducive to upstream fish migration (GORDOS, M. 2017, 
Person. Comm., ZHANG and CHANSON 2018). 
Flow visualisation was conducted using dye injection. For all plain baffle arrangements, sizes and 
spacings, the recirculation zone length was observed to be about twice the baffle height. The finding 
is comparable, albeit slightly smaller than the observations of CABONCE et al. (2019), but might 
reflect different lighting conditions (1). With plain baffles on both corners in an alternate 
arrangement, the mean flow motion experienced a meandering motion in the lower flow region 
between the triangular baffles. The negative wake appeared to be slightly shorter, i.e. about 1.5 
                                                 
1 The experiments of CABONCE et al. (2019) were undertaken in a different building with markedly 
different lighting conditions. 
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times the baffle height, likely as a result of the meandering streamlines in the lower water column. 
With the ventilated baffle arrangements (Table 2-1), a recirculation zone was also identified behind 
each baffle. However the dye seeped for a shorter time in the stagnation region, upstream of the 
ventilated baffles, as some dye passed through the holes and brush. The recirculation length behind 
each ventilated baffle appeared to be comparable to, albeit shorter than that with plain baffles. It 
was seen to be about 1.5 times the baffle height for both brush baffles and baffles with holes: that is, 
25% shorter than with plain baffles. 
 
3.2 FLOW RESISTANCE 
The flow resistance of triangular baffled flumes was tested and compared to smooth channel results 
for discharges: 0.0261 m3/s < Q < 0.097 m3/s and 38 boundary configurations. The spatially-
averaged boundary shear stress was deduced from the measured free-surface profiles and total 
energy slope, i.e. friction slope Sf, with an uncertainty of about 5%. The friction slope Sf is related 
to the Darcy-Weisbach friction factor f by: 
 
2meanf H
VS f 2 g D     (3-1) 
where Vmean is the cross-sectional averaged velocity (2), g is the gravity acceleration and DH is the 
equivalent pipe diameter (HENDERSON 1966, CHANSON 2004). The present results are reported 
in dimensionless form in terms of the Darcy-Weisbach friction factor (Fig. 3-2), because the friction 
factor is basically a dimensionless spatially-averaged boundary shear stress (LIGGETT 1994, 
CHANSON 2004): 
 o
2mean
f 1 V8


 (3-2) 
with o the spatially-averaged boundary shear stress. 
The main results are presented in Figure 3-2, and the full data set is reported in Appendix B. Figure 
3-2 shows the Darcy-Weisbach friction factor data to be a function of the relative baffle height 
hb/DH. The smooth flume data compared favourably with previous data in similar flumes, as well as 
with the Karman-Nikuradse formula: 
 
                                                 
2 Vmean is also called flow velocity or bulk velocity: Vmean = Q/(Bd) with B the channel width (B = 0.50 m  
herein) and d the local flow depth. 
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Fig. 3-1 - Flow field around a triangular corner baffle - Flow conditions: Q = 0.0556 m3/s, hb = 0.133 m, Lb = 0.67 m, ventilated baffles with three 
holes in both corners placed uniformly at same longitudinal location, flow direction from right to left 
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  10 s
s
1 2.0 log Re f 0.8f      (3-3) 
where fs is the friction factor for smooth turbulent flows and Re is the Reynolds number 
(SCHLICHTING 1979, CHANSON 2014). 
In the presence of corner baffles, the flow resistance increased with increasing relative baffle height 
hb/DH, as seen in Figure 3-2. With plain corner baffles, the friction factor data followed closely the 
data of CABONCE et al. (2018) for the same relative baffle height. The results of CABONCE et al. 
(2018) were best correlated by: 
 
1.64
b
s
H
hf f 0.25 D
     
 Baffles in left corner only  (3-4) 
 
2.5
b
s
H
hf f 2.71 D
     
 Baffles along both corners placed uniformly  (3-5) 
where fs is the smooth turbulent flow friction factor. Equations (3-4) and (3-5) are compared to the 
present data in Figure 3-2. 
The Darcy-Weibach friction factor decreased with increasing Reynolds number for all baffle 
configurations (Fig. 3-3). A typical example is presented in Figure 3-3, for baffles on both corners 
uniformaly located with hb = 0.133 m and Lb = 0.67 m. For this set of results, the data were best 
correlated by: 
 
2
10
s
(5.1 log Re)f f 0.308 exp 0.307
       
  
  Baffles in both corners, hb = 0.133 m, Lb = 0.67 m  (3-6) 
The results, including Eq. (3-6), imply a trend for which the presence of triangular baffles would be 
expected to have a moderate effect on the flow resistance at large Reynolds numbers, hence large 
discharges corresponding to culvert design flows. 
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(A) Triangular baffles in left corner only - Comparison with Equation (3-4) 
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(B, Left) Triangular baffles in both corners placed uniformly at same longitudinal location - 
Comparison with Equation (3-5) 
(C, Right) Triangular baffles in both corners in an alternate arrangement - Comparison with 
Equation (3-5) 
Fig. 3-2 - Darcy-Weisbach friction factor as a function of the relative baffle height to baffle hb/DH - 
Comparison with smooth flume data (hb = 0) and data of CABONCE et al. (2018) (blue curves) 
 
17 
Re
f
100000 200000 300000 400000 500000
0.01
0.02
0.03
0.04
0.05
0.07
0.1
0.2
0.3
0.4
0.5
Plain baffles
Baffles with brush
Baffles with 3 holes
Smooth flume
Smooth flume - Cabonce et al.
Karman-Nikuradse formula
 
Fig. 3-3 - Darcy-Weisbach friction factor as a function of the Reynolds number (Present study) - 
Comparison between smooth flume data, plain baffle, brush baffle and baffle with holes 
configurations: hb = 0.133 m, Lb = 0.67 m, baffles in both corners placed uniformly at same 
longitudinal location 
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4. VELOCITY MEASUREMENTS 
4.1 PRESENTATION 
Detailed velocity measurements were conducted in the flume with baffles in both corners uniformly 
placed with a relative longitudinal spacing Lb/hb = 5 for one flow rate Q = 0.0556 m3/s. The focus of 
the experiments was a comparison of the velocity field between plain baffles and ventilated baffles. 
Four cross sections (x–xb = 0.03 m, 0.167 m, 0.335 m, 0.5 m) were selected, with the reference 
baffle located at xb = 8.16 m. The experimental flow conditions are summarised in Table 4-1, where 
X is the relative distance between two baffles. The full data set is reported in Appendix C. 
 
Table 4-1 - Experimental flow conditions for detailed velocity measurements in culvert barrel flume 
equipped with triangular corner baffles (Present study) 
 
So Q d Baffle hb Lb Baffle xb X Comments 
   design   corner    
 m3/s m  m m  m m  
0 0.0556 0.197 Plain 0.133 0.67 Both 8.16 0.05 
0.25 
0.50 
0.75 
Same longitudinal 
location 
  0.199 Brush     0.05 
0.25 
0.50 
0.75 
 
  0.200 Holes     0.05 
0.25 
0.50 
0.75 
 
 
Notes: hb: triangular baffle height; Lb: longitudinal baffle spacing; So: bed slope; X: relative 
distance between two baffles: X = (x-xb)/Lb; xb: longitudinal location of baffle. 
 
4.2 BASIC RESULTS 
Since the baffles were uniformly placed on both corners at the same location, the velocity field was 
basically symmetrical about the channel centreline at each cross section. The central region of the 
channel was characterised by a high velocity zone with Vx > Vmean, where Vx is the longitudinal 
velocity component and Vmean is the cross-sectional averaged velocity. Low velocity zones (LVZs) 
were observed next to the sidewall boundaries. Negative velocities were recorded in the near-wake 
of the baffles where recirculation patterns were observed using dye injection. The negative 
velocities were the largest at the cross section x-xb = 0.167 m (X = 0.25) for both plain and 
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ventilated baffles, with x being the longitudinal distance, xb the baffle location, X = (x-xb)/Lb, and 
Lb the baffle spacing. The ventilated baffle configurations showed significantly-less-pronounced 
negative velocities in comparison to the plain baffle configuration, as initially reported by 
CABONCE et al. (2018). For plain baffles, the largest recirculation velocity was Vx = -0.95 m/s, 
comparable to the observations of CABONCE et al. (2019). With ventilated baffles, the largest 
recirculation velocity was -0.65 m/s and -0.5 m/s (1) for brush baffles and baffles with holes 
respectively. With ventilated baffles, the cavity ventilation replenished the negative wake, yielding 
a shorter negative wake with less intense recirculation velocities. Figure 4-1 presents the contour 
plots of time-averaged longitudinal velocity Vx for the plain baffle configuration, while Figure 4-2 
presents typical results for ventilated baffles. In Figures 4-1 and 4-2, the solid black lines 
correspond to the edges of the corner baffles. 
The presence of corner baffles yielded a complicated flow motion with secondary currents of 
Prandtl's first second kind. Next to the bottom corners, the flow was retarded, and some flow 
motion was generated at right angle to the longitudinal current: i.e., some secondary currents 
(PERKINS 1970, GERARD 1978). Further the secondary currents interact with curved streamlines 
induced by the corner baffle edges. With both plain and ventilated baffles, the cross-sectional 
maximum velocity was recorded on the channel centreline close to the free-surface. At all other 
transverse locations, the local maximum velocity was observed below the free-surface. For both 
plain and ventilated baffles, the dimensionless ratio Vmax/Vmean was distributed in a symmetric 
manner with respect to the flume centreline (y/B = 0.5). The full data are presented in Appendix C. 
 
 
                                                 
1 During the experiments with baffles with holes, Prandtl-Pitot tube data at y = 0.03 m yielded markedly 
different results from ADV data at y = 0.08 m, possibly because of some instrumentation limitation. 
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Fig. 4-1 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Q = 0.0556 m3/s, d = 
0.197 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, plain baffles in both corners placed uniformly at 
same longitudinal location - From top to bottom: x = 8.19 m, 8.3275 m, 8.495 m & 8.66 m (X = 
0.05, 0.25, 0.50 & 0.75) 
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Fig. 4-2 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Q = 0.0556 m3/s, d = 
0.200 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, baffles with holes in both corners placed 
uniformly at same longitudinal location - From top to bottom: x = 8.19 m & 8.3275 m (X = 0.05 & 
0.25) 
 
Velocity fluctuations were recorded using the acoustic Doppler velocimeter ADV at a limited 
number of transverse locations. Figure 4-3 shows typical contours of longitudinal velocity 
fluctuations downstream of brush baffles. In Figure 4-3, the solid black lines correspond to the 
edges of the corner baffles. For both plain and ventilated baffles, large velocity fluctuations were 
observed in the separation region downstream of the edges of the triangular baffles. The separation 
lines are sketched in Figure 3-1 and corresponded to a thin region with very-high velocity gradient 
and turbulent shear. In the present study, the velocity fluctuation data were symmetrical about the 
flume centreline, and consistent with the symmetrical baffle configurations. Similar findings were 
obtained with the transverse velocity fluctuations (data not shown). 
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Fig. 4-3 - Contour plots of longitudinal velocity fluctuations vx' (m/s) - Q = 0.0556 m3/s, d = 0.199 
m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, brush baffles in both corners placed uniformly at same 
longitudinal location - From left to right: x = 8.19 m & 8.3275 m (X = 0.05 & 0.25) 
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5. DISCUSSION 
5.1 LOW VELOCITY ZONES 
Considering a fish negotiating a culvert barrel, the upstream traversing may be analysed in terms of 
energetics, like for competitive swimming (KOLMOGOROV and DUPLISHCHEVA 1992, 
WANG and WANG 2006). Fish will minimise their energy expenditure by swimming in low 
velocity zones (LVZs) during upstream culvert passage (WANG and CHANSON 2018a,b). Several 
studies showed that small-bodied fish swim preferentially next to the culvert walls and in the corner 
regions (GARDNER 2006, JENSEN 2014, WANG et al. 2016b, CABONCE et al. 2017,2018,2019, 
DUGUAY et al. 2018). The relative size of low velocity zone (LVZ) may be defined as a 
proportion (i.e. percentage) of the wetted flow area (CABONCE et al. 2019). The present velocity 
data were analysed to quantify the size of low-velocity-zones (LVZs). The results were tabulated in 
terms of the percentage of cross sectional flow area for which the time averaged longitudinal 
velocity Vx was less than Vmean, 0.75Vmean, 0.5Vmean and zero (i.e. negative velocity area). Full 
results are presented in Appendix D. Typical results are presented in Figure 5-1. 
For both plain and ventilated baffles, the longitudinal distribution of LVZs was not uniform (Fig. 5-
2A). The LVZs were larger immediately downstream of the baffle, i.e. X  0.25, where X is the 
relative distance between two baffles. Further downstream the size of LVZs was substantially 
reduced as illustrated in Figure 5-2A. With plain baffles, 5-31% of the cross sectional area 
experienced velocities less than 0.5Vmean. These percentages decreased for ventilated baffles for 
the same baffle height and longitudinal spacing: namely 5-22% of the cross sectional velocity field 
was less than 0.5Vmean. Such a reduction of low velocity regions was expected because to the 
baffle ventilation. 
Fish swimming experiments showed that the negative wake immediately downstream of triangular 
baffles could disorient small-body-mass fish (CABONCE et al. 2018,2019). The size of the 
negative velocity zones (NVZs) should be minimised and it is thus a relevant design parameter. For 
plain baffles, a large NVZ was identified covering most area in the wake of the baffles, i.e. X  0.25 
(Fig. 5-2B). Negative velocities up to -0.99 m/s were recorded and the NVZ covered up to 13% of 
the cross section area. With ventilated baffles, the NVZ represented less than 7% and 9% of the 
flow cross-section area for brush baffles and baffles with holes (Fig. 5-2B). 
The findings of the present study may be compared to those by WANG et al. (2018) and 
CABONCE et al. (2018,2019) with smooth flume, rough wall and bed channel, and flume with 
triangular baffles on the left corner. The LVZ size was 5-10% area for smooth channel conditions, 
17% for rough wall and bed, 14-26% for plain triangular baffles (hb = 0.133 m, Lb = 0.67 m) placed 
on one corner only, and 16-28% for triangular baffles with hole (hb = 0.133 m, Lb = 0.67 m) placed 
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on one corner only. 
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Fig. 5-1 - Fractions of low velocity zone for plain baffles, brush baffles and baffles with holes at X 
= 0.25 - Q = 0.0556 m3/s, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, X = 0.25, baffles in both corners 
placed uniformly at same longitudinal location 
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(A, Left) Fractions of low velocity area (Vx < 0.5Vmean) 
(B, Right) Fractions of negative velocity area (Vx < 0.5Vmean) 
Fig. 5-2 - Longitudinal variation of fractions of low velocity region (Vx < 0.5Vmean) and of 
negative velocity area (Vx < 0.5Vmean) for plain baffles, brush baffles and baffles with holes - Q = 
0.0556 m3/s, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, X = 0.05, 0.25, 0.5 & 0.75, baffles in both 
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corners placed uniformly at same longitudinal location 
 
5.2 BOUNDARY SHEAR STRESS DISTRIBUTIONS 
The boundary shear stress was recorded with the Prandtl-Pitot tube along the channel bed and 
channel sidewalls. Results are reported in Figure 5-3, as contour maps of the skin friction on the 
channel boundaries. In Figure 5-3, the flow direction is from left to right, the solid lines mark the 
channel corners and the dotted lines correspond to the locations of the baffles. The full data are 
reported in Appendix E 
The boundary shear stress data indicated some symmetrical distribution about the flume centreline. 
With plain baffles, the skin friction shear stress was consistently larger than that behind the 
ventilated baffles, for the same discharge, baffle height and spacing (Fig. 5-3). The result was likely 
linked to the ventilation of the wake and the modification of the flow field behind the baffle. In the 
baffled channel, the results showed that the skin friction boundary shear stress was significantly less 
than the total boundary shear stress: i.e., (o)skin/o < 1, as previously documented by CABONCE et 
al. (2019) for a channel configuration with plain triangular baffles in the left corner only. 
The skin friction shear stress data were integrated along the wetted surface area, yielding the 
spatial-averaged skin friction boundary shear stress over one baffle longitudinal spacing Lb: 
 
b w
o skin o skin
b w L P
1( ) ( ) dy" dxL P         (5-1) 
where Pw is the wetted perimeter and y" is the transverse coordinate following the wetted perimeter, 
with y" = 0 at the bottom right corner (Fig. 5-4). The data are summarised in Appendix E. The 
results in terms of spatial-averaged skin friction were similar to the finding of CABONCE et al. 
(2019) (1). Depending upon the baffle configuration, the ratio of mean skin friction resistance to 
total flow resistance o skin( ) /o ranged from 0.05 to 0.08, in the present study. Such results inferred 
that the flow resistance was primarily form drag, for triangular baffle on both corners at the same 
location. 
 
                                                 
1 although CABONCE et al. (2019) measured bed shear stress data only, excluding sidewalls. 
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(A) Plain baffles 
 
(B) Baffles with brush 
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(C) Baffles with three holes 
Fig. 5-3 - Contour plots of boundary shear stress (o)skin (Units: Pascals) in triangular baffle channel 
- Flow direction from left to right, Q = 0.0556 m3/s, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, baffles 
in both corners placed uniformly at same longitudinal location - Horizontal solid black lines are 
channel corners and vertical dotted lines are the baffle location 
 
 
Fig. 5-4 - Definition sketch of a channel with triangular baffles 
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5.3 ON FISH PASSAGE AND LONGITUDINAL CONNECTIVITY: THE IMPORTANCE OF 
LOW POSITIVE VELOCITY ZONES 
Small-body-mass fish swim mostly next to the culvert barrel corners and sidewalls, albeit negative 
wake flows may disorientate small fish. Low-velocity zones suitable to small-bodied fish passage 
should fulfil: 
 0 < Vx < Ufish (5-2) 
where Vx is the local time-averaged longitudinal velocity component and Ufish is a characteristic fish 
speed (CABONCE et al. 2019, CHANSON and LENG 2018). Fish navigability in a culvert barrel 
also depends on the connectivity between low velocity zones (LVZs), in addition to their total 
relative size. In plain terms, long contiguous reaches of low positive velocity zone (LPVZ) which 
meet certain velocity criteria (e.g. 0 < Vx < Ufish) are naturally more traversable than multiple, 
separate patches of LVZs (ZHANG and CHANSON 2018). 
The performances of several types of flume boundary conditions were compared in terms of the size 
of low positive velocity zone: 0 < Vx < 0.5Vmean (LPVZ), and their longitudinal distribution. 
Figure 5-5 presents a comparison for detailed hydrodynamic data obtained in 12 m long 0.5 m wide 
horizontal flumes for the same discharge. In Figure 5-5, the present data are compared to earlier 
data in smooth flume, and rough wall and bed channel (CABONCE et al. 2019, WANG et al. 2018). 
The results showed marked differences between the different channel configurations (Fig. 5-5). In 
the smooth and rough flumes, the flow resistance was regularly distributed and flow separation was 
negligible. Continuous low-positive-velocity zones were provided next to the channel boundaries 
and in the corner regions, with a large LPVZ area fraction in the rough wall and bed flume (Fig. 5-
5). With triangular baffles, flow separation took place at each baffle edge, followed by a wake 
region. Immediately downstream of the baffles, the size of LPVZ was comparable to that in the 
rough wall and bed flume, but only for a short distance. A lack of longitudinal LPVZ 
interconnection was clearly documented, as evidenced in Figure 5-5. 
In summary, the detailed hydrodynamic measurements suggested that the requirements for 
continuous, sizeable low positive velocity zone (LPVZ), e.g. 0 < Vx < 0.5Vmean, suitable to small-
bodied fish might be better fulfilled with an asymmetrically roughened culvert barrel than with 
triangular baffles, even with baffle ventilation. 
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Fig. 5-5 - Longitudinal variation of fractions of low positive velocity zone (LPVZ), i.e. 0 < Vx < 
0.5Vmean, for plain baffles, brush baffles and baffles with holes - Q = 0.0556 m3/s, B = 0.5 m, hb = 
0.133 m, Lb = 0.67 m, xb = 8.16 m, X = 0.05, 0.25, 0.5 & 0.75, baffles in both corners placed 
uniformly at same longitudinal location - Comparison with smooth and rough flume data 
(CABONCE et al. 2019, WANG et al. 2018) for the same discharge Q = 0.0556 m3/s 
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6. CONCLUSION 
A hydraulic engineering study of small corner baffles was conducted in a near-full-scale culvert 
barrel flume. The corner baffles were designed to create sizeable low-velocity zones (LVZs) 
suitable for the upstream passage of small-body-mass fish in standard box culverts for less-than-
design discharges, while having minimum impact on the culvert discharge capacity at design flows. 
Recent investigations showed that small-body-mass fish species could be disoriented by the 
negative wake immediately downstream of plain corner baffles (CABONCE et al. 2018,2019). 
Ventilated corner baffles were developed herein to reduce the size of the negative velocity zones 
(NVZs): brush baffles with 38% pervious area and three-holes baffles with 19% openings (Fig. 6-
1). The complete hydrodynamic characteristics were systematically investigated in the present 
study, although their impact on fish behaviour and passage was not tested. 
The hydrodynamic performances of small corner baffle configurations were recorded thoroughly, 
with a focus on a systematic comparison between plain and ventilated baffles. The baffle ventilation 
reduced the size of the downstream wake, and consequently the negative local velocity magnitudes. 
The flow passing through the baffle holes and brush tended to break up the large coherent structures 
in the wake into smaller less organised eddies. The ventilated baffles induced a shorter recirculation 
zone with smaller negative reirculation, as evidenced by dye injection observations and detailed 
velocity measurements. Flow resistance results showed that the presence of triangular baffles would 
be expected to have a moderate effect on the culvert performances at large discharges 
corresponding to design flows. For both plain and ventilated baffles, large turbulence levels were 
observed in the separation region downstream the edges of the triangular corner baffles. 
The concept of low positive velocity zone (LPVZ) and negative velocity zone (NVZ) was 
introduced as important indicators for the upstream culvert passage of small-body-mass fish. The 
LPVZ size and their longitudinal distribution showed marked differences between different channel 
boundary treatments. In smooth and rough flumes, the boundary shear stress was regularly 
distributed with negligible flow separation and NVZ, delivering continuous low-positive-velocity 
zones (LPVZs) next to the channel boundaries and in the corner region. With triangular baffles, 
sizeable LPVZs were provided only for a short distance immediately downstream of the baffle, and 
a lack of longitudinal LPVZ interconnection was clearly documented. Present measurements 
suggested that the requirements for continuous, sizeable low positive velocity zone (e.g. 0 < Vx < 
0.5Vmean) suitable to small-body-mass fish might be better fulfilled with an asymmetrically 
roughened culvert barrel than with triangular baffles, even with ventilation. 
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Fig. 6-1 - Photographs of various corner baffle types - From background to foreground: plain baffle 
(hb = 0.133 m), plain baffle (hb = 0.133 m) for full-scale application, plain baffle (hb = 0.067 m), 
brush baffle (hb = 0.133 m), baffle with three holes (hb = 0.133 m) 
 
Key outcomes: 
 Ventilated corner baffles create a smaller negative wake region; 
 A lesser negative velocity magnitude was observed behind ventilated baffles, compared to plain 
baffles, for the same baffle height and spacing, and water discharge; 
 With ventilated corner baffles, the longitudinal distribution of LVZ size was more uniform, 
yielding better longitudinal connectivity for upstream passage, compared to plain baffles; 
 A comparison between detailed hydrodynamic measurements suggested that the requirements for 
continuous, sizeable low positive velocity zone (e.g. 0 < Vx < 0.5Vmean) suitable to small-bodied 
fish might be better fulfilled with an asymmetrically roughened culvert barrel than with triangular 
baffles, even with ventilation. 
 
32 
7. ACKNOWLEDGEMENTS 
The authors thank Dr Gangfu ZHANG (WSP, Australia) and Professor Blake TULLIS (Utah State 
University, USA) for their review of the report and most valuable comments. The authors 
acknowledge the technical assistance of Youkai LI, Jason VAN DER GEVEL and Stewart 
MATTHEWS (The University of Queensland). The financial support through the Australian 
Research Council (Grant LP140100225) is acknowledged. 
 
A-1 
APPENDIX A - PHOTOGRAPHS OF EXPERIMENTS 
A.1 PRESENTATION 
New experiments were conducted in a horizontal 12 m long 0.5 m wide channel flume at the AEB 
Hydraulics Laboratory of the University of Queensland (Fig. A-1 & A-2). The flume was made of a 
smooth PVC bed and glass sidewalls. Water was supplied by a constant head tank into the flume 
intake, where baffles, flow straighteners and a three-dimensional convergent allowed smooth inflow 
conditions into the 12 m long flume. The flume ended with a free overfall at the downstream end. 
All experiments were conducted without upstream and downstream screen, in contrast to the 
experiments of WANG et al. (2016a,b,2018) and CABONCE et al. (2017,2019). 
Several boundary conditions were tested: 
(a) smooth channel, without baffle; 
(b) plain baffles (hb = 0.067 m and 0.133 m); 
(c) brush baffles (hb = 0.133 m); and  
(d) baffles with three holes (hb = 0.133 m), with hb the baffle height. 
The baffles were isosceles triangular corner baffles (Fig. A-3). For each type of baffles, several 
arrangements were tested. Baffles on left corner only, baffles on both corners in an alternate 
arrangement, and baffles in both corners placed uniformly at same longitudinal location. 
The brush baffles were isosceles triangles (hb = 0.133 m) with a triangular permeable inner area 
which covered about 38% of the total baffle area (Fig. A-4). The permeable area was manufactured 
out of synthetic hollow BS-1519 Paint brush. The brush thickness was within 1.33 mm – 1.60 mm 
(1). It was selected, such that the brush material would deflect under a water discharge of 0.0556 
m3/s. The stiffness of the cut brush was characterised through a simple test, It was observed to bend 
slightly under the pressure of a single Australian 5 cents coin (2). 
The ventilated baffles with holes were isosceles triangles (hb = 0.133 m) with two semi-circular 
openings ( 40 mm) along the boundaries and one circular opening ( 24 mm) (Fig. A-5). The 
cumulative opening represented 19% of the baffle projected area. For comparison, CABONCE et al. 
(2018) used a single ventilation hole ( 13 mm) corresponding to 1.5% of the baffle cross-section 
area. 
The following photographs illustrate the experimental channel and configurations for a range of 
                                                 
1 The brush thickness was measured placing the brush between two sheets of paper sheets. 
2 The Royal Australian Mint five cent coin was first introduced on 14 February 1966. The original reverse 
design of the echidna has not been changed since the introduction. The nominal specifications are: 
composition: 75% Copper - 25% Nickel, mass: 2.83 g, diameter: 19.41 mm. 
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flow conditions. 
 
 
Fig. A-1 - Experimental channel with plain baffles placed in an alternate arrangement - Flow 
conditions: Q = 0.0261 m3/s, hb = 0.133 m, Lb = 2.0 m, flow direction from left to right 
 
 
Fig. A-2 - Sontek microADV downstream of brush baffle - Flow conditions: Q = 0.0556 m3/s, hb = 
0.133 m, Lb = 0.67 m, brush baffles placed uniformly at same location, flow direction from right to 
left 
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(A) From left to right: plain baffle (hb = 0.133 m), plain baffle (hb = 0.067 m), brush baffle (hb = 
0.133 m), baffle with three holes (hb = 0.133 m) 
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(B) From background to foreground: plain baffle (hb = 0.133 m), plain baffle (hb = 0.133 m) for 
full-scale application, plain baffle (hb = 0.067 m), brush baffle (hb = 0.133 m), baffle with three 
holes (hb = 0.133 m) 
Fig. A-3 - Photographs of the various baffle types - Figure A-3B includes a mock-up for full-scale 
prototype testing 
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Fig. A-4 - Details of ventilated baffles with brush - Flow conditions: Q = 0.0556 m3/s, brush baffles 
placed uniformly at same location (hb = 0.133 m, Lb = 0.67 m), flow direction from right to left 
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(A) Looking upstream at ventilated baffles with holes placed uniformly at same location (hb = 0.133 
m, Lb = 0.67 m) 
 
(B) Looking through the left sidewall for Q = 0.0556 m3/s, hb = 0.133 m, Lb = 0.67 m, flow 
direction from right to left 
Fig. A-5 - Details of ventilated baffles with three holes 
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APPENDIX B - FLOW RESISTANCE IN VENTILATED BAFFLE 
CHANNELS 
B.1 PRESENTATION 
New experiments were conducted in a horizontal 12 m long 0.5 m wide channel flume at the AEB 
Hydraulics Laboratory of the University of Queensland. The flume was made of a smooth PVC bed 
and glass sidewalls. Water was supplied by a constant head tank into the flume intake, where 
baffles, flow straighteners and a three-dimensional convergent allowed smooth inflow conditions 
into the 12 m long flume. The flume ended with a free overfall at the downstream end. All 
experiments were conducted without upstream and downstream screen, in contrast to the 
experiments of WANG et al. (2016a,b,2018) and CABONCE et al. (2017,2019). 
Several boundary conditions were tested: 
(a) smooth channel, without baffle; 
(b) plain baffles (hb = 0.067 m and 0.133 m); 
(c) brush baffles (hb = 0.133 m); and  
(d) baffles with three holes (hb = 0.133 m), with hb the baffle height. 
The baffles were isosceles triangular corner baffles. For each type of baffles, several arrangements 
were tested: (1) baffles on left corner only, (2) baffles on both corners in an alternate arrangement, 
and (3) baffles in both corners placed uniformly at same longitudinal location (Fig. B-1). 
 
 
Fig. B-1 - View in elevation of baffle arrangements - From left to right: baffles on left corner only, 
baffles in both corners placed uniformly at same longitudinal location, baffles in both corners in an 
alternate arrangement, and baffles placed on left corner alternating two baffle sizes 
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The flow resistance of triangular baffled flumes was tested and compared to smooth channel results 
for four discharges: Q = 0.0261 m3/s, 0.035 m3/s, 0.0556 m3/s and 0.097 m3/s, for altogether 38 
boundary configurations. The spatially-averaged boundary shear stress was deduced from the 
measured free-surface profiles and slope of the total head line, i.e. friction slope Sf, with an 
uncertainty about 5%. The results are reported in dimensionless form in terms of Darcy-Weisbach 
friction factor. The friction slope Sf is the slope of the total head line. Sf is related to the Darcy-
Weisbach friction factor f by: 
 
2meanf H
VS f 2 g D     (B-1) 
where f is the Darcy-Weisbach friction factor, Vmean is the cross-sectional averaged velocity (1), g is 
the gravity acceleration and DH is the equivalent pipe diameter (HENDERSON 1966, CHANSON 
2004). The Darcy-Weisbach friction factor is basically a dimensionless boundary shear stress since 
(LIGGETT 1994, CHANSON 2004): 
 o
2mean
f 1 V8


 (B-2) 
The present data are presented in Section B.2. 
 
List of symbols 
A channel cross-section area (m2): A = Bd; 
B channel width (m); herein B = 0.50 m; 
DH hydraulic diameter depth (m); 
d water depth (m); 
dc critical flow depth (m); 
f Darcy-Weisbach friction factor; the Darcy-Weisbach friction is a dimensionless 
boundary shear stress: 
 o 2
mean
8f V
   
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
hb triangular baffle height (m); 
ks equivalent sand roughness height (m); 
L channel length (m); 
Lb longitudinal spacing (m) between baffles; 
Q water discharge (m3/s); 
Pw wetted perimeter (m); 
                                                 
1 Vmean is also called flow velocity or bulk velocity. 
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Re Reynolds number defined in terms of the cross-sectional averaged velocity and 
hydraulic diameter: Re = VmeanDH/; 
Sf friction slope; 
So bed slope; 
Vmean cross-sectional averaged flow velocity (m/s) positive downstream: 
 Vmean = Q /A = Q/(Bd); 
x longitudinal distance (m) positive downstream; 
o boundary shear stress (Pa); for a baffled channel configuration, o is a spatial-averaged 
boundary shear stress. 
 
B.2 TABULAR RESULTS 
 
Baffle 
design 
Baffle 
height 
Baffle 
spacing 
Baffle 
corner 
Baffle 
arrangement 
Q d (1) hb/Lb Re f 
 hb Lb        
 (m) (m)   (m3/s) (m)    
Smooth -- -- -- -- 0.0261 0.95 -- 1.5E+5 0.017 
Smooth -- -- -- -- 0.035 0.111 -- 1.9E+5 0.016 
Smooth -- -- -- -- 0.0556 0.146 -- 2.7E+5 0.015 
Plain 0.067 0.33 Left -- 0.0261 0.094 0.203 1.5E+5 0.05 
  0.33   0.035 0.111 0.203 1.9E+5 0.045 
  0.33   0.0556 0.147 0.203 2.7E+5 0.044 
  0.67   0.0261 0.092 0.100 1.5E+5 0.04 
  0.67   0.035 0.109 0.100 1.9E+5 0.045 
  0.67   0.0556 0.139 0.100 2.7E+5 0.03 
  1   0.0261 0.096 0.067 1.5E+5 0.037 
  1   0.035 0.111 0.067 1.9E+5 0.036 
  1   0.0556 0.146 0.067 2.7E+5 0.033 
  1.33   0.0261 0.094 0.050 1.5E+5 0.039 
  1.33   0.035 0.111 0.050 1.9E+5 0.039 
  1.33   0.0556 0.14 0.050 2.7E+5 0.025 
  1.67   0.0261 0.09 0.040 1.5E+5 0.039 
  1.67   0.035 0.107 0.040 1.9E+5 0.034 
  1.67   0.0556 0.148 0.040 2.7E+5 0.028 
  2   0.0261 0.09 0.034 1.5E+5 0.04 
  2   0.035 0.106 0.034 1.9E+5 0.035 
  2   0.0556 0.147 0.034 2.7E+5 0.033 
Plain 0.133 0.33 Left -- 0.0261 0.111 0.403 1.5E+5 0.110 
  0.33   0.035 0.13 0.403 1.9E+5 0.110 
  0.33   0.0556 0.171 0.403 2.7E+5 0.098 
  0.67   0.0261 0.108 0.199 1.5E+5 0.110 
  0.67   0.035 0.126 0.199 1.9E+5 0.099 
  0.67   0.0556 0.163 0.199 2.7E+5 0.099 
  1   0.0261 0.107 0.133 1.5E+5 0.095 
  1   0.035 0.131 0.133 1.9E+5 0.100 
  1   0.0556 0.17 0.133 2.7E+5 0.098 
  1.33   0.0261 0.11 0.100 1.5E+5 0.100 
  1.33   0.035 0.128 0.100 1.9E+5 0.099 
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  1.33   0.0556 0.168 0.100 2.7E+5 0.100 
  1.67   0.0261 0.112 0.080 1.5E+5 0.108 
  1.67   0.035 0.13 0.080 1.9E+5 0.096 
  1.67   0.0556 0.168 0.080 2.7E+5 0.088 
  2   0.0261 0.108 0.067 1.5E+5 0.085 
  2   0.035 0.126 0.067 1.9E+5 0.082 
  2   0.0556 0.162 0.067 2.7E+5 0.064 
Plain 0.133 & 0.33 Left alternating 0.0261 -- 0.40 1.5E+5 0.1 
 0.067 0.33  size 0.035 -- 0.40 1.9E+5 0.096 
  0.33   0.0556 -- 0.40 2.7E+5 0.09 
  0.67   0.0261 -- 0.20 1.5E+5 0.09 
  0.67   0.035 -- 0.20 1.9E+5 0.094 
  0.67   0.0556 -- 0.20 2.7E+5 0.08 
  1   0.0261 -- 0.13 1.5E+5 0.085 
  1   0.035 -- 0.13 1.9E+5 0.095 
  1   0.0556 -- 0.13 2.7E+5 0.08 
  1.33   0.0261 -- 0.10 1.5E+5 0.096 
  1.33   0.035 -- 0.10 1.9E+5 0.09 
  1.33   0.0556 -- 0.10 2.7E+5 0.075 
  1.67   0.0261 -- 0.08 1.5E+5 0.095 
  1.67   0.035 -- 0.08 1.9E+5 0.09 
  1.67   0.0556 -- 0.08 2.7E+5 0.082 
  2   0.0261 -- 0.07 1.5E+5 0.095 
  2   0.035 -- 0.07 1.9E+5 0.08 
  2   0.0556 -- 0.07 2.7E+5 0.065 
Plain 0.067 0.67 both uniformly at 0.0261 0.099 0.100 1.5E+5 0.08 
  0.67  same 0.035 0.118 0.100 1.9E+5 0.08 
  0.67  location 0.0556 0.15 0.100 2.7E+5 0.055 
  1   0.0261 0.115 0.067 1.5E+5 0.075 
  1   0.035 0.118 0.067 1.9E+5 0.06 
  1   0.0556 0.163 0.067 2.7E+5 0.05 
  1.33   0.0261 0.096 0.050 1.5E+5 0.055 
  1.33   0.035 0.112 0.050 1.9E+5 0.045 
  1.33   0.0556 0.166 0.050 2.7E+5 0.03 
  1.67   0.0261 0.102 0.040 1.5E+5 0.055 
  1.67   0.035 0.108 0.040 1.9E+5 0.035 
  1.67   0.0556 0.164 0.040 2.7E+5 0.035 
  2   0.0261 0.101 0.034 1.5E+5 0.063 
  2   0.035 0.121 0.034 1.9E+5 0.08 
  2   0.0556 0.142 0.034 2.7E+5 0.045 
Plain 0.133 0.33 both uniformly at 0.0261 0.148 0.40 1.5E+5 0.35 
  0.33  same 0.035 0.172 0.40 1.9E+5 0.35 
  0.33  location 0.0556 0.214 0.40 2.7E+5 0.256 
  0.67   0.0261 0.142 0.20 1.5E+5 0.33 
  0.67   0.035 0.161 0.20 1.9E+5 0.33 
  0.67   0.0556 0.197 0.20 2.7E+5 0.23 
  0.67   0.0964 -- 0.20 3.8E+5 0.17 
  1   0.0261 0.139 0.13 1.5E+5 0.33 
  1   0.035 0.166 0.13 1.9E+5 0.33 
  1   0.0556 0.196 0.13 2.7E+5 0.23 
  1.33   0.0261 0.138 0.10 1.5E+5 0.25 
  1.33   0.035 0.159 0.10 1.9E+5 0.25 
  1.33   0.0556 0.197 0.10 2.7E+5 0.23 
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  1.67   0.0261 0.13 0.08 1.5E+5 0.2 
  1.67   0.035 0.152 0.08 1.9E+5 0.26 
  1.67   0.0556 0.186 0.08 2.7E+5 0.25 
  2   0.0261 0.133 0.07 1.5E+5 0.24 
  2   0.035 0.152 0.07 1.9E+5 0.2 
  2   0.0556 0.19 0.07 2.7E+5 0.13 
Plain 0.067 0.67 both alternate 0.0261 0.102 0.100 1.5E+5 0.07 
  0.67  location 0.035 0.118 0.100 1.9E+5 0.06 
  0.67   0.0556 0.145 0.100 2.7E+5 0.045 
  1.33   0.0261 0.094 0.050 1.5E+5 0.05 
  1.33   0.035 0.109 0.050 1.9E+5 0.04 
  1.33   0.0556 0.129 0.050 2.7E+5 0.03 
  2   0.0261 0.099 0.034 1.5E+5 0.05 
  2   0.035 0.108 0.034 1.9E+5 0.04 
  2   0.0556 0.15 0.034 2.7E+5 0.035 
Plain 0.133 0.67 both alternate 0.0261 0.14 0.20 1.5E+5 0.35 
  0.67  location 0.035 0.162 0.20 1.9E+5 0.29 
  0.67   0.0556 0.196 0.20 2.7E+5 0.23 
  1.33   0.0261 0.129 0.10 1.5E+5 0.236 
  1.33   0.035 0.145 0.10 1.9E+5 0.18 
  1.33   0.0556 0.18 0.10 2.7E+5 0.14 
  2   0.0261 0.119 0.07 1.5E+5 0.175 
  2   0.035 0.142 0.07 1.9E+5 0.16 
  2   0.0556 0.171 0.07 2.7E+5 0.11 
Three holes 0.133 0.67 both uniformly at 0.0261 0.141 0.20 1.5E+5 0.26 
    same 0.035 0.16 0.20 1.9E+5 0.24 
    location 0.0556 0.197 0.20 2.7E+5 0.19 
     0.0964 0.275 0.20 3.8E+5 0.17 
Brush 0.133 0.67 both uniformly at 0.0261 0.145 0.199 1.5E+5 0.35 
    same 0.035 0.171 0.199 1.9E+5 0.35 
    location 0.0556 0.212 0.199 2.7E+5 0.23 
     0.0964 0.28 0.199 3.8E+5 0.18 
 
Notes: So = 0; (1): water depth measured about x = 8 m. 
 
B.3 DISCUSSION 
The present data are reported in Figures B-2 to B-4, where DH is the hydraulic diameter and Re is 
the Reynolds number defined in terms of the cross-sectional averaged velocity Vmean and hydraulic 
diameter DH.  
The smooth flume data are presented in Figure B-2. The data compared favourably with previous 
data in a similar flume, as well as with theoretical solutions. For smooth turbulent flows, the Darcy-
Weisbach friction factor fs is best correlated by the Karman-Nikuradse formula: 
  10 s
s
1 2.0 log Re f 0.8f      for 310
3 < Re < 3106  (B-1) 
where Re is the Reynolds number (SCHLICHTING 1979, CHANSON 2014). The expression is 
also called Prandtl's universal law of friction for smooth pipes. Equation (B-1) is compared to 
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present experimental data in Figure B-2. 
The flow resistance of the triangular baffle flume configurations was tested systematically. The data 
are shown in Figures B-3 and B-4, with the Darcy-Weisbach friction factor presented a function of 
the ratio hb/Lb of baffle height to baffle spacing (Fig. B-3) and of the relative baffle height hb/DH. 
(Fig. B-4) Figures B-3A and B-4A include results with baffles located in left corner only for 
different longitudinal spacings (0 < Lb/hb < 30) and four discharges: 0.0261 m3/s < Q < 0.097 m3/s. 
In presence of corner baffles, the flow resistance increased with increasing relative baffle height. 
With plain corner baffles, the friction factor data followed closely the data of CABONCE et al. 
(2018) which were best correlated by: 
 
1.64
b
s
H
hf f 0.25 D
     
 Baffles in left corner only  (B-2) 
 
2.5
b
s
H
hf f 2.71 D
     
 Baffles along both corners placed uniformly  (B-3) 
where fs is the smooth turbulent flow fiction factor, i.e. f  0.016 in the present study. Equations (B-
2) and (B-3) are compared to the present data in Figure B-4. 
Overall the Darcy-Weibach friction factor decreased with increasing Reynolds number for all baffle 
configurations (Fig. B-2). The results implied that the presence of triangular baffles would be 
expected to have a moderate effect on the flow resistance at large discharges corresponding to 
culvert design flows. 
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Fig. B-2 - Darcy-Weisbach friction factor as a function of the Reynolds number - Comparison 
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between smooth flume data and triangular baffle configurations: hb = 0.133 m, Lb = 0.67 m, baffles 
in both corners placed uniformly at same longitudinal location 
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(A) Triangular baffles in left corner only, including arrangement with alternating two baffle sizes 
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(B) Triangular baffles in both corners placed uniformly at same longitudinal location 
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(C) Triangular baffles in both corners in an alternate arrangement 
Fig. B-2 - Darcy-Weisbach friction factor as a function of the ratio of baffle height to baffle spacing 
hb/Lb - Comparison with smooth flume data (hb = 0) 
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(A) Triangular baffles in left corner only - Comparison with Equation (B-2) 
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(B) Triangular baffles in both corners placed uniformly at same longitudinal location - Comparison 
with Equation (B-3) 
hb/DH
f
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0.01
0.02
0.03
0.04
0.05
0.07
0.1
0.2
0.3
0.4
0.5
Plain baffles alternate hb=0.133 mPlain baffles alternate: hb=0.067 mSmooth flume
0.016+2.71.(hb/DH)2.5
 
(C) Triangular baffles in both corners in an alternate arrangement - Comparison with Equation (B-
3) 
Fig. B-4 - Darcy-Weisbach friction factor as a function of the relative baffle height to baffle hb/DH - 
Comparison with smooth flume data (hb = 0) and results by CABONCE et al. (2018) (blue curves) 
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APPENDIX C - VELOCITY MEASUREMENTS IN VENTILATED BAFFLE 
CHANNELS 
C.1 PRESENTATION 
Velocity measurements were conducted with baffles on both corners uniformly located with hb = 
0.133 m and Lb = 0.67 m. Prandtl-Pitot tube and acoustic Doppler velocimetry were used.  
A Dwyer® 166 Series Prandtl-Pitot tube was used to record velocity and pressure. The tube 
diameter was 3.18 mm with a hemispherical total pressure tapping at the tip ( 1.18 mm) and four 
static pressure holes ( 0.51 mm) equally spaced, located 25 mm behind the tip. The Prandtl-Pitot 
tube presented low sensitivity to misalignment up to 15º and no calibration was needed because of 
ASHRAE tip design. Both total pressure and piezometric pressure were measured with an inclined 
manometer opened to the atmosphere. The Prandtl-Pitot tube was also tested to record negative 
velocity (CABONCE et al. 2017,2019): 
 0.538xV 17.81 ( H)     (C-1) 
where Vx is the velocity in m/s and H is the difference between the total head and piezometric 
head in metres. Equation (C-1) was specifically developed for the Dwyer® 166 Series Prandtl-Pitot 
tube. 
Instantaneous velocity and velocity fluctuations were measured with acoustic Doppler velocimetry 
(ADV). Two systems were used: a NortekTM Vectrino+ equipped with a three-dimensional side-
looking head, and a SontekTM microADV equipped with a two-dimensional side-looking head. The 
ADV signal was recorded for 180 s at each data point, using a sampling frequency of 200 Hz and 50 
Hz for the Vectrino+ and microADV systems respectively. The ADV data were post-processed, by 
removing samples with average correlation below 60% (1), average signal to noise ration (SNR) 
below 5 dB and communication errors. Further the phase-space thresholding technique was applied 
to remove spurious points (GORING and NIKORA 2002, WAHL 2003). Finally data sets with less 
than 50% of good samples were discarded. 
The vertical position of the Prandtl-Pitot tube and ADV units was controlled by fine traverse screw-
drive mechanism and measured with a HAFCOTM digital micrometre with an error Δz < ±0.01 mm. 
The experimental flow conditions are summarised in Table C-1. At each longitudinal location, 
vertical measurements profiles were undertaken at y = 0.002, 0.03, 0.25, 0.47 and 0.498 m with the 
                                                 
1 In highly turbulent zones (e.g. in the near-wake of a baffle), samples with average below 40% were 
removed, because a significant drop in average signal correlations is observed when there are high turbulent 
shear and velocity gradient across the ADV sampling volume (MARTIN et al. 2002, CHANSON et al. 207, 
CHANSON 2008). 
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Prandtl-Pitot tube, and at y = 0.08, 0.165. 0.25, 0.335 and 0.42 m with acoustic Doppler 
velocimetry, where y is the transverse horizontal distance measured from the right sidewall. 
 
Table C-1 - Experimental flow conditions for detailed velocity measurements in culvert barrel 
flume equipped with triangular corner baffles 
 
Reference So Q Baffle hb Lb Baffle xb X Comments 
   design   corner    
  m3/s  m m  m m  
Present study 0 0.0556 Plain 0.133 0.67 Both 8.16 0.05 
0.25 
0.50 
0.75 
Same longitudinal 
location 
   Brush 0.133 0.67 Both 8.16 0.05 
0.25 
0.50 
0.75 
Same longitudinal 
location 
   Holes 0.133 0.67 Both 8.16 0.05 
0.25 
0.50 
0.75 
Same longitudinal 
location 
CABONCE et 
al. (2017,2019) 
0 0.0261, 
0.0556 
-- -- -- -- -- -- Smooth channel 
(1)  0.0261, 
0.0556 
Plain 0.067 0.67 Left 8.12 0.048 
0.235 
0.500 
0.765 
Left corner only 
  0.0556  0.133 0.67  8.12 0.048 
0.235 
0.500 
0.765 
 
  0.0261, 
0.0556 
 0.133 1.33  8.12 0.02 
0.25 
0.500 
0.76 
 
CABONCE et 
al. (2018) 
0 0.0556 Hole (2) 0.133 0.67 Left 8.12 0.048 
0.235 
0.500 
0.765 
Left corner only 
 
Notes: hb: triangular baffle height; Lb: baffle spacing; So: bed slope; X: relative distance between 
two baffles: X = (x-xb)/Lb; xb: longitudinal location of baffle; (1) channel equipped with upstream 
and downstream screens; (2) 13mm hole. 
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Comments 
The Prandtl-Pitot tube measurements were most reliable in positive velocity regions. The unit 
presented low sensitivity to misalignment up to 15º and no calibration was needed. In the negative 
wake behind baffles, the negative velocity data must be considered with care, since the Prandtl-Pitot 
tube was calibrated to record negative velocity in a smooth channel configuration (CABONCE et al. 
2017). 
The ADV measurements were difficult because of instrumentation issues. The NortekTM Vectrino+ 
ADV unit failed at the start of the project. The main board had to be changed and the unit was only 
operational at the end of the project. The SontekTM microADV system was available towards the 
end of project, coming back from a major repair. 
 
List of symbols 
A channel cross-section area (m2): A = Bd; 
B channel width (m); herein B = 0.50 m; 
DH hydraulic diameter depth (m); 
d water depth (m); 
dc critical flow depth (m); 
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
hb triangular baffle height (m); 
Lb longitudinal spacing (m) between baffles; 
Q water discharge (m3/s); 
Pw wetted perimeter (m); 
Re Reynolds number defined in terms of the cross-sectional averaged velocity and 
hydraulic diameter: Re = VmeanDH/; 
So bed slope; 
Vmean cross-sectional averaged flow velocity (m/s) positive downstream: 
 Vmean = Q /A = Q/(Bd); 
X relative distance between baffles: X = (x-xb)/Lb; 
x longitudinal distance (m) positive downstream; 
xb longitudinal position (m) of reference baffle; 
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C.2 VELOCITY DATA FOR PLAIN BAFFLES 
C.2.1 Vertical profiles 
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Fig. C-1 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0556 m3/s, d = 0.197 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, plain baffles in 
both corners placed uniformly at same longitudinal location - Locations: x = 8.19 m, 8.3275 m, 
8.495 m & 8.66 m (X = 0.05, 0.25, 0.50 & 0.75) 
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C2.2 Contour plots 
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Fig. C-2 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Q = 0.0556 m3/s, d = 
0.197 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, plain baffles in both corners placed uniformly at 
same longitudinal location - From top to bottom: x = 8.19 m, 8.3275 m, 8.495 m & 8.66 m (X = 
0.05, 0.25, 0.50 & 0.75) 
 
C.3 VELOCITY DATA FOR BRUSH BAFFLES 
C.3.1 Vertical profiles 
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Fig. C-3 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0556 m3/s, d = 0.199 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, brush baffles in 
both corners placed uniformly at same longitudinal location - Locations: x = 8.19 m, 8.3275 m, 
8.495 m & 8.66 m (X = 0.05, 0.25, 0.50 & 0.75) 
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C3.2 Contour plots 
 
 
Fig. C-4 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Q = 0.0556 m3/s, d = 
0.199 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, brush baffles in both corners placed uniformly at 
same longitudinal location - From top to bottom: x = 8.19 m & 8.3275 m (X = 0.05 & 0.25) 
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C.4 VELOCITY DATA FOR BAFFLES WITH HOLES 
C.4.1 Vertical profiles 
Vx (m/s)
Ele
vat
ion
 ab
ov
e b
ed 
z (
m)
-1 -0.6 -0.2 0.2 0.6 1
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
X = 0.05
y = 0.498 m
y = 0.47 m
y= 0.42 m
y = 0.25 m
y = 0.335 m
y = 0.165 m
y = 0.030 m
y = 0.080 m
y = 0.002 m
  Vx (m/s)
Ele
vat
ion
 ab
ov
e b
ed 
z (
m)
-1 -0.6 -0.2 0.2 0.6 1
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
X = 0.25
y = 0.498 m
y = 0.47 m
y= 0.42 m
y = 0.25 m
y = 0.335 m
y = 0.165 m
y = 0.080 m
y = 0.030 m
y = 0.002 m
 
Fig. C-5 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0556 m3/s, d = 0.200 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, baffles with 
holes in both corners placed uniformly at same longitudinal location - Locations: x = 8.19 m & 
8.3275 m (X = 0.05 & 0.25) 
 
C4.2 Contour plots 
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Fig. C-5 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Q = 0.0556 m3/s, d = 
0.200 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, baffles with holes in both corners placed 
uniformly at same longitudinal location - From top to bottom: x = 8.19 m & 8.3275 m (X = 0.05 & 
0.25) 
 
C.5 VELOCITY DATA SUMMARY 
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Fig. C-6 - Transverse distribution of dimensionless maximum velocity Vmax/Vmean as a function of 
the transverse location y/B - Q = 0.0556 m3/s, d = 0.197 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, 
baffles in both corners placed uniformly at same longitudinal location - From top left in the 
clockwise direction: plain baffles, baffles with holes and brush baffles 
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Fig. C-7 - Transverse distribution of dimensionless location ZVmax/d as a function of the transverse 
location y/B - Q = 0.0556 m3/s, d = 0.197 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, baffles in both 
corners placed uniformly at same longitudinal location - From top left in the clockwise direction: 
plain baffles, baffles with holes and brush baffles 
 
C.6 VELOCITY FLUCTUATIONS 
   
Fig. C-8 - Contour plots of longitudinal velocity fluctuations vx' (in m/s) - Q = 0.0556 m3/s, d = 
0.199 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, brush baffles in both corners placed uniformly at 
same longitudinal location - From left to right: x = 8.19 m & 8.3275 m (X = 0.05 & 0.25) 
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Fig. C-9 - Contour plots of longitudinal velocity fluctuations vx' (in m/s) - Q = 0.0556 m3/s, d = 
0.199 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 m, baffles with holes in both corners placed 
uniformly at same longitudinal location - From left to right: x = 8.19 m & 8.3275 m (X = 0.05 & 
0.25) 
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APPENDIX D - LOW VELOCITY ZONE DATA 
D.1 PRESENTATION 
Along a culvert barrel, the longitudinal velocity component ranges from negative velocities in the 
recirculation regions, zero at the solid boundaries to maximum velocities on the channel centreline 
(section 4). The variations in velocity and turbulence inside the barrel of a box culvert have some 
impact on the upstream passage of fish (ALEXANDER 1982, LUPANDIN 2005, COTEL et al. 
2006). Several studies showed that small-bodied fish swim preferentially next to the culvert walls 
and in the corner regions (GARDNER 2006, JENSEN 2014, WANG et al. 2016b, CABONCE et al. 
2018,2019). Low velocity zones and their extent play a key role in the successful passage of small-
bodied fish (WANG and CHANSON 2018a). The relative velocity zone (LVZ) size may be defined 
as the proportion (i.e. percentage) of the wetted flow area where Vx < Ufish where Vx is the local 
time-averaged longitudinal velocity component and Ufish is a characteristic fish speed (CABONCE 
et al. 2018, CHANSON and LENG 2018). 
Herein the longitudinal velocity data were analysed to quantify the size of low-velocity-zones. The 
results are presented in terms the percentage of cross sectional flow area where the time averaged 
longitudinal velocity Vx was less than Vmean, 0.75Vmean, 0.5Vmean and zero (i.e. negative velocity 
area) (Table D-1). In Table D-1. the present data are compared to previous experimental 
observations in 12 m long 0.5 m wide flumes with a range of boundary conditions: namely smooth 
flume, rough invert and sidewall, plain baffles along the left corner, and baffles with small hole 
along the left corner. 
With plain baffles, 5-31% of the cross sectional area registered velocities less than 0.5Vmean. These 
percentages decreased for ventilated baffles for the same baffle height and longitudinal spacing: 
namely 5-22% of the cross sectional velocity field was less than 0.5Vmean. Such a reduction of low 
velocity regions was expected because to their ventilation characteristics. For both plain and 
ventilated baffles, the longitudinal distribution of LVZs was not uniform. The LVZs were larger 
immediately downstream of the baffle: i.e., X  0.25 where X is the relative distance between two 
baffles. Further the size of LVZs was substantially reduced. 
Fish swimming experiments showed that small-bodied fish could be disoriented in the negative 
wake immediately downstream of triangular baffles (CABONCE et al. 2017,2018,2019). The fish 
would turn around in the recirculation zones, facing downstream and becoming disoriented. The 
size of the negative velocity zones (NVZs) is thus a relevant parameter. For plain baffles, a large 
NVZ was identified covering most area located in the wake of the baffles (X  0.25). Negative 
velocities up to -0.99 m/s were recorded and the NVZ covered up to 13% of the cross section area. 
With ventilated baffles,  the maximum negative velocity amplitude was -0.66 m/s and -0.5 m/s for 
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brush baffles and baffles with holes (1) respectively. The NVZ represented less than 7% and 9% of 
the flow cross-section area for brush baffles and baffles with holes. 
The findings of the present study are compared to those by WANG et al. (2018), CABONCE et al. 
(2018,2019) and SANCHEZ et al. (2018) in Table D-1. The LVZ size was 5-10% area for smooth 
channel conditions, 17% for rough wall and bed, 14-26% for plain triangular baffles (hb = 0.133 m, 
Lb = 0.67 m) placed on one corner only, and 16-28% for triangular baffles with hole (hb = 0.133 m, 
Lb = 0.67 m) placed on one corner only. 
 
List of symbols 
A channel cross-section area (m2): A = Bd; 
B channel width (m); herein B = 0.50 m; 
DH hydraulic diameter depth (m); 
d water depth (m); 
dc critical flow depth (m); 
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
hb triangular baffle height (m); 
Lb longitudinal spacing (m) between baffles; 
Q water discharge (m3/s); 
Pw wetted perimeter (m); 
Re Reynolds number defined in terms of the cross-sectional averaged velocity and 
hydraulic diameter: Re = VmeanDH/; 
So bed slope; 
(Vmax)M cross-sectional maximum velocity (m/s); 
Vmean cross-sectional averaged flow velocity (m/s) positive downstream: 
 Vmean = Q /A = Q/(Bd); 
X relative distance between baffles: X = (x-xb)/Lb; 
x longitudinal distance (m) positive downstream; 
xb longitudinal position (m) of reference baffle; 
 
 
                                                 
1 During the experiments with baffles with holes, Prandtl-Pitot tube data at y = 0.03 m yielded markedly 
different results from ADV data at y = 0.08 m, suggesting possibly some instrumentation issue. 
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D.2 PHYSICAL DATA 
Table D-1 - Experimental observations of cross-sectional maximum velocities and percentage of wetted cross-section with time-averaged velocity 
range in the fully-developed flow region (x ~ 8 m) 
 
Reference So B Q Baffle hb Lb Baffle xb d Vmean X (Vmax)M % flow area with Vx <  
    design   corner      Vmean 0.75Vmean 0.5Vmean 0 
  m m3/s  m m  m m m/s  m/s     
Present study                
 0 0.50 0.0556 Plain 0.133 0.67 Both 8.16 0.205 0.542 0.05 0.829 53.3% 34.9% 21.4% 4.9% 
           0.25 0.857 62.0% 44.6% 30.6% 12.8% 
           0.50 0.755 56.4% 27.6% 13.7% 2.6% 
           0.75 0.741 49.1% 16.4% 5.2% 0 
   0.0556 Brush 0.133 0.67 Both 8.16 0.202 0.55 0.05 0.851 51.6% 33.4% 20.7% 4.5% 
           0.25 0.89 51.8% 34.6% 22.1% 7.1% 
           0.50 0.792 57.8% 28.1% 13.4% 2.1% 
           0.75 0.767 65.8% 28.3% 4.7% 0 
   0.0556 Holes 0.133 0.67 Both 8.16 0.193 0.576 0.05 1.07 50.9% 33.7% 22.3% 9.3% 
           0.25 0.879 46.9% 27.2% 14.7% 3.9% 
           0.50 0.823 61.2% 30.4% 9.1% 0 
           0.75 0.846 50.0% 16.0% 5.2% 0 
CABONCE et al. (2018,2019)               
Smooth 0 0.50 0.0261 N/A N/A N/A N/A N/A 0.096 0.544 N/A 0.569 70.8% 36.4% 5.3% 0 
invert   0.0556 N/A N/A N/A N/A N/A 0.162 0.686 N/A 0.714 72.7% 25.9% 10.4% 0 
Baffles 0 0.50 0.0261 Plain 0.067 0.67 Left 8.12 0.121 0.431 0.048 0.642 39.6% 17.3% 14.9% -- 
           0.235 0.640 30.5% 20.6% 14.3% -- 
           0.500 0.602 43.7% 18.3% 12.1% -- 
           0.765 0.649 30.7% 19.3% 10.3% -- 
   0.0556 Plain 0.067 0.67 Left 8.12 0.1625 0.684 0.048 0.767 43.8% 20.9% 13.5% -- 
           0.235 0.754 59.1% 24.8% 13.8% -- 
           0.500 0.774 63.0% 22.0% 11.5% -- 
           0.765 0.741 58.7% 31.5% 9.7% -- 
   0.0556 Plain 0.133 0.67 Left 8.12 0.173 0.643 0.048 0.858 51.9% 26.3% 17.5% -- 
           0.235 0.861 38.8% 22.5% 16.6% -- 
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           0.500 0.817 67.9% 31.5% 26.1% -- 
           0.765 0.835 54.2% 28.9% 14.4% -- 
   0.0261 Plain 0.133 1.33 Left 8.12 0.1035 0.504 0.048 0.786 35.7% 29.9% 22.7% -- 
           0.235 0.774 44.1% 30.5% 24.0% -- 
           0.500 0.741 55.0% 35.1% 16.3% -- 
           0.765 0.744 48.1% 30.7% 16.2% -- 
   0.556 Hole 0.133 0.67 Left 8.12 0.160 0.695 0.045 0.99 29.2% 24.3% 19.9% -- 
    (1)       0.235 0.965 35.7% 28.9% 27.9% -- 
           0.485 0.95 42.4% 28.2% 17.9% -- 
           0.735 0.924 43.8% 27.7% 16.2% -- 
WANG et al. (2018)               
Rough 0 0.4785 0.0261 N/A N/A N/A N/A N/A 0.129 0.423 N/A 0.755 45% 30% 17% 0 
invert & 
wall 
  0.0556 N/A N/A N/A N/A N/A 0.1743 0.667 N/A 0.957    0 
SANCHEZ et al. (2018)               
Longitudinal 0 0.50 0.0261 N/A N/A N/A Right N/A 0.093 0.5885 N/A 0.777 62.8% 16.1% 4.8% 2.1% 
rib   0.0556    (2)  0.147 0.783  0.903 71.7% 18.5% 6.1% 2.7% 
   0.100      0.206 0.9920  1.113 83.4% 18.2% 4.4% 1.9% 
 
Notes: (--): data not available; Grey data: Prandtl-Pitot tube data only; (1): 13 mm hole (CABONCE et al. 2018); (2): streamwise rib along right 
sidewall (SANCHEZ et al. (2018). 
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APPENDIX E - SKIN FRICTION SHEAR STRESS DISTRIBUTIONS IN 
PLAIN AND VENTILATED BAFFLE CHANNELS 
E.1 PRESENTATION 
The skin friction shear stress was recorded on the flume boundaries, bed and sidewalls, using the 
Prandtl-Pitot tube acting as a Preston tube. The results are shown in Figure E-1, in the form of 
dimensional contour map of skin friction boundary shear stress (o)skin. In each graph, the water 
flows from left to right, the solid lines mark the channel corners and the dotted lines correspond to 
the locations of the baffles. 
Dimensionless data are presented in Figures E-2 and E-3, as the ratio of skin friction to overall flow 
resistance: 
 o skin skin
o
( ) f
f
   (E-1) 
where o is the spatial-averaged boundary shear stress comprising both skin friction and form drag, 
fskin is the spatial-averaged skin friction factor and f is the total friction factor, with the spatial 
averaging conducted over a baffle spacing Lb inclusive of bed and sidewall skin friction. 
The results are presented in section E.2 and discussion in section E.3. 
 
E2. EXPERIMENTAL DATA 
 
 
(A) Plain baffles 
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(B) Baffles with brush 
 
(C) Baffles with three holes 
Fig. E-1 - Contour maps of boundary shear stress (o)skin (Units: Pascals) in triangular baffle 
channels - Flow direction from left to right, Q = 0.0556 m3/s, hb = 0.133 m, Lb = 0.67 m, xb = 8.16 
m, baffles in both corners placed uniformly at same longitudinal location - Horizontal solid black 
lines are channel corners and vertical dotted lines are the baffle location 
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Fig. E-2 - Contour maps of boundary shear stress (o)skin (Units: Pascals) in plain baffle channel 
configuration - Flow direction from left to right, Q = 0.0556 m3/s, hb = 0.133 m, Lb = 0.67 m, xb = 
8.16 m, baffles in both corners placed uniformly at same longitudinal location - Horizontal solid 
black lines are channel corners and vertical dotted lines are the baffle location 
 
 
(A) Baffles with brush 
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(B) Baffles with three holes 
Fig. E-3 - Contour maps of boundary shear stress (o)skin (Units: Pascals) in ventilated baffle 
channel configuration - Flow direction from left to right, Q = 0.0556 m3/s, hb = 0.133 m, Lb = 0.67 
m, xb = 8.16 m, baffles in both corners placed uniformly at same longitudinal location - Horizontal 
solid black lines are channel corners and vertical dotted lines are the baffle location 
 
E.3 DISCUSSION 
In the baffled channel, the results showed that the skin friction boundary shear stress was less than 
the total boundary shear stress: i.e., fskin/f < 1 (Fig. E-2 & E-3), as previously documented by 
CABONCE et al. (2017,2019) for a channel configuration with plain triangular baffles in the left 
corner only. The skin friction shear stress data were integrated along the wetted surface area, 
yielding the average skin friction boundary shear stress over one baffle longitudinal spacing Lb: 
 
b w
o skin o skin
b w L P
1( ) ( ) dy" dxL P         (E-1) 
where Pw is the wetted perimeter and y" is the transverse coordinate following the wetted perimeter, 
with y" = 0 at the bottom right corner (Fig. E-4). The data are summarised in Table E-1 in terms of 
the friction factor skinf , and compared with relevant studies. The results in terms of dimensionless 
skin friction skinf  were similar to the finding of CABONCE et al. (2017,2019) (1). Depending upon 
the baffle configuration, the ratio of mean skin friction resistance to total flow resistance skinf /f 
ranged from 0.05 to 0.08, in the present study. Such results indicated that the flow resistance was 
primarily form drag, for triangular baffle on both corners at the same location. 
                                                 
1 bed shear stress data only, excluding sidewalls. 
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Fig. E-4 - Definition sketch of a channel with triangular baffles 
 
Table E-1 - Spatial-averaged skin friction boundary shear stress in triangular baffle channels (x  8 
m) - Comparison with the experimental data of CABONCE et al. (2019) and SANCHEZ et al. 
(2018) 
 
Boundary 
configuration 
Baffle 
corner 
Baffle 
height 
Baffle 
spacing 
Q d Vmean f o skin( )  skinf  skinf /f 
  hb Lb        
  (m) (m) (m3/s) (m) (m/s)  (Pa)   
Present study          
Plain Both 0.133 0.67 0.0556 0.20 0.542 0.23 0.776 0.0193 0.084 
Brush Both 0.133 0.67  0.199 0.55 0.23 0.366 0.0092 0.048 
With holes Both 0.133 0.67  0.197 0.564 0.19 0.501 0.0146 0.064 
CABONCE et al. (2019)         
Smooth -- N/A N/A 0.0261 0.096 0.544 0.016 -- --  
 -- N/A N/A 0.0556 0.162 0.686 0.0145 -- --  
Baffles Left 0.067 0.66 0.0261 0.1 0.431 0.0325 0.436 (*) 0.0188 (*) 0.58 (*) 
 Left 0.067 0.66 0.0556 0.1625 0.684 0.0365 0.599 (*) 0.0102 (*) 0.28 (*) 
 Left 0.133 0.66 0.0556 0.166 0.643 0.059 0.660 (*) 0.0128 (*) 0.22 (*) 
 Left 0.133 1.33 0.0556 0.172 0.647 0.053 0.674 (*) 0.0129 (*) 0.24 (*) 
SANCHEZ et al. (2018)         
Rib -- -- -- 0.0261 0.093 0.5885 0.023 0.627 0.0145 0.59 
    0.0556 0.147 0.7831 0.020 0.750 0.0098 0.48 
    0.100 0.206 0.9950 0.015 1.211 0.0098 0.67 
 
Notes: f: dimensionless total boundary shear stress; skinf  : dimensionless skin friction boundary 
shear stress; Vmean: cross-section average velocity; o skin( ) : spatial-averaged skin friction boundary 
shear stress; spatial averaging calculated over a baffle spacing Lb; (*): bed shear stress data only, 
excluding sidewall. 
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